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ABSTRACT

The windshield and the hood of a common projectile are demolished during
the early part of an impact, and disturb the motion of the body. The force
and torque on the body arise from plastic and dynamic stresses in the wind-
shield and hood. A theory is developed for the limiting case of low velocity
where the plastic stress predominates, and a theory is developed for the
limiting case of high velocity where the dymamic stress predominates. The
limiting theories are blended for plates of intermediate thickness by the
aid of the ballistic data for common projectiles. A study is made of the
multiplicity of fractures in a hood whose fragments were recovered after
impact. The cap of an AP projectile is shattered on impact against a thick
plate, and the fragments of the cap disturb the flow and fracture of the
armor plate. The effect on the energy for penetration has been inferred
from the ballistic data for AP projectiles.
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FOREWORD

The material in this report has been prepared since World War II .in
connection with a study of the mechanism of penetration of plate by pro-
jectiles. The report is one of a 'series of reports. Five of the reports
were published at the end of the war, and it was originally planned that
nine reports would be submitted altogether. The remaining four reports
were held up pending a revaluation of the ballistic data, inasmuch as there
was an opportunity to obtain a few additional tests of special interest at
the end of the war. As a result of these tests, the number of reports has
been .increased to eleven. The six remaining reports are now to be published,
but with a minimum expenditure of ‘additional effort in order to bring forth
the existing material. The analysis has probably been carried as far as it
should be carried without the aid of a modern caleculator such as the Aiken
Dahlgren Electronic Calculator. The press of urgent work has thus far
prevented allocation of any ADEC time to this work.

The titles of the full set of eleven reports are as‘'follows:

(1) ANALYTICAL SUMMARY. PART I. THE PHYSICAL PROPERTIES OF STS UNDER
TRIAXTAL STRESS. NPG Report No. 6-46

Object: To summarize the available data on the physical properties of
Class B Armor and STS under triaxial stress.

(2) ANALYTICAL SUMMARY. PART II. ELASTIC AND PLASTIC UNDULATIONS IN ARMOR
PLATE. NPG Report No. 7-46

Object: To analyse the propagation of undulations in armor plate; to
summarize previous analytical work and to add new analytical
work where required in order to complete the theory for
ballistic applications.

(3) ANALYTICAL SUMMARY. PART III. PLASTIC FLOW IN ARMOR PLATE. NPG Report
No. 864

Object: To analyse the plastic flow in armor plate adjacent to the
point of impact by a projectile.

(4) ANALYTICAL SUMMARY. PART IV. THE THEORY OF ARMOR PENETRATION. NPG
Report No. 9-46

Object: To summarize the theory of armor penetration in its present
state of development, and to develop theoretical functions |
which can be used as a guide in the interpretation of ballistic i
data.,
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(5) ANALYTICAL SUMMARY. PART V. PLASTIC FLOW IN BARS AND SHELLS. NPG
Report No. 954

Cbject: To analyse the plastic flow in cylindrical bars and shells
during impact against an unyielding plate.

(6) ANALYTICAL SUMMARY. PART VI. THE THEORY OF PROJECTILE RICOCHET. NPG
Report No. 1041

Object: To analyse the dynamics of projectiles during oblique .impact,
and to develop theoretical functions which can be used as a
guide in the interpretation of ballistic data.

(7) BALLISTIC SUMMARY. PART I. THE DEPENDENCE OF LIMIT VELOCITY ON PLATE
THICKNESS AND OBLIQUITY AT LOW OBLIQUITY. NPG Report No. '2-46

Object: To compare the results of ballistic test with the prediction
of existing formulae, and with the results of theoretical
analysis; to find the mathematical functions which best repre-
sent fundamental relationship between limit velocity, plate
thickness, and obliquity at low obliquity.

(8) BALLISTIC SUMMARY. PART II. THE SCALE EFFECT AND THE OGIVE EFFECT.
NPG Report No. 4-46

Object: To determine the effect of scale on ballistic performance,

and to correlate the projectile nose shape with the results of
ballistic test.

(¢) BALLISTIC SUMMARY. PART III. THE WINDSHIELD EFFECT, THE HOOD EFFECT,
AND THE CAP EFFECT. NPG Report No. 1211

Object: To determine the effect of windshields and hoods or caps on
ballistic performance.

(10) BALLISTIC SUMMARY. PART IV. THE DEPENDENCE OF LIMIT VELOCITY ON PLATE
THICKNESS AND OBLIQUITY AT HIGH OBLIQUITY. NPG Report No. 1125

Object: To compare the results of ballistic test with the results of
theoretical analysis; to find mathematical functions which
best represent the fundemental relationship between limit
velocity, plate thickness, and obliquity .at high obliquity.

(11) BALLISTIC SUMMARY. PART V. THE CONSTRUCTION OF PLATE PENETRATION CHARTS
OR TABLES. NPG Report No. 1120

Object: To summarize the results of analysis in the form of standard
charts or tables.
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This is the 19th partial report on the Foundational Research Program
of the Naval Proving Ground; the 6th partial report on The Investigation
of the Mechanics of Armor Penetration; and the final report on Ballistic
Summary Part III - The Windshield Effect, the Hood Effect, and the Cap
Effect. This project was originally authorized by BUORD ltr NP9/A9(Re3)
of 9 January 1943, was later charged to Task Assignment NPG-41-Re3a-118-1,
and is currently charged to the Foundational Research Program of the Naval
Proving Ground.

The project work reported herein was conducted to determine the effect
of windshields and hoods or caps on ballistic performance.

The computations for this report were performed by:
V. L. Nichols and J. M. Foster
Mathematical Physics Branch
Computation and Ballistics Department

This report was reviewed by:

N. A. M. Riffolt
Director of Research
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INTRODUCTION

Service projectiles differ from monobloc projectiles by having a wind-
shield and hood or cap which are attached to the nose of the projectile.

The windshield gives better flight characteristics to the projectile,
while the hood holds the windshield .in place. The windshield and hood are
thin hollow shells and are made of soft materials so that they will not
interfere greatly with the terminal ballistics of the projectile. The hood
is secured to the nose of the projectile with soft solder. The windshield
is usually welded to a threaded ring, and the threaded ring is screwed onto
the hood. At the beginning of the penetration cycle, the hood and wind-
'shield are trapped between the plate and the body of the projectile.

The windshield is demolished by the plate and diverts a small fraction
of the impact energy from the penetration. The windshield applies a force
and torque to the body of the projectile which gives the body 'small incre-
ments in obliquity, yaw, and rate of yaw. The body requires more energy
for penetration than a monobloc projectile.

The hood remains undeformed during impact against very thin plates, but
flows plastically and fractures during impact against thick plates. The
stress in the hood is partly plastic and partly dynamic. The plastic 'stress
predominates at low striking velocity while the dynamic ‘stress predominates
at high striking velocity.

The cap absorbs the transient stress at the instant of impact and protects
the body of the projectile from deformation. The cap is a thick cup of hard
material. The cap remains undeformed during impact against thin plates, but
breaks up during impact against thick plates.

The effect of the windshield and hood or cap on the limit velocity for
perforation is revealed by a series of comparative ballistic tests on com-
plete projectiles and on projectiles with the windshield and hood or cap
removed. The number of 'such tests which have been completed to date are
sufficient to outline the general trends of the windshield effect and hood
or cap effect. Some of the ballistic data have been released .in previous
reports, reterences (4) to (9), but are summarized in Tables XIV and XV .in
the present report.

Semiquantitative theories for the windshield effect and the hood effect
have been completed for the 6" Comm Mk '27-7 projectile, and the details of
the theories are summarized in the present report. The theories have been
guided by 'special static and dynamic tests of a fundamental nature. The
theories are used to supplement the ballistic data in those ranges of impact
conditions where the ballistic data are lacking.

CONFIDENTIAL 1
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THE BALLISTIC PARAMETERS

The results of ballistic test may conveniently be summarized in terms
of ballistic parameters. The plate penetration coefficient F(e/d,6) and
the limit energy function U(e/d,0) are defined .in terms of the projectile
mass m, the projectile diameter d, the plate thickness e, the obliquity 6,
and the limit velocity v; by the equations

'
e _ m*v;cosb
F(d.e) e ¥q

e _ e e _ mvicos®0
U(E.e) = (E)Fz(z.e) = ——JE?r——-

The whole mass of the projectile .is used .in the functions. The projectile
mass .is expressed in (lb), the projectile diameter is expressed .in (ft),
the plate thickness in (ft), and the limit velocity .in (f£t)/(sec).

The effects of windshields and hoods or caps are best represented by
the .increment AF between the plate penetration coefficient for the complete
projectile and the plate penetration coefficient for a monobloc projectile.

THE GEOMETRY OF AN OGIVE

The body, the hood or cap, and the windshield have surfaces which are
parts of ogival contours. Let i, j,k be three orthogonal unit vectors,
among which the vector i is parallel to the plate and perpendicular to the
axis of the projectile, the vector j .is parallel to the plate but perpen-
dicular to the vector i,” and the vector k .is perpendicular to the plate.
The vector k is pointed toward the back of the plate, The axis of the
projectile jg inclined at the angle X to the vector k. A point on the ogive
may be defined .in terms of cylindrical polar coordinates r,®,z, which have
the axis of the projectile for a polar axis. The coordinate r .is the dis-
tance of the paint from the axis of the projectile, the coordinate ¢ is a
polar angle which is referred to the axis i, and the coordinate =z .is the

distance of the point from a plane which .is normal to the polar axis through
the tip of the ogive.

A plane parallel to the plate intercepts the ogive in an oval curve.
Let x,y be the Cartesian coordinates of the curve of .intersection. The
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coordinates x,y are given by the equations

sing
cosy

(1)

x = rcosQ y = - ptany + r

in which # .is the penetration of the tip into the plane of intersection.

‘In the case of an ogive with ogival radius R, the equation of the ogive
is

(R-a+7r)2+(b- LI rsingtany) 2 = R? (2)
cosy

in which a is the maximum value of r, or the value of r at the circle where
the ogive is tangent to a coaxial cylinder, and b is the distance from the
circle of tangency to the tip of the ogive. The equation of the ogive may

. be solved with the aid of the quadratic formula to give r as a function of
$,9, X. The radius r is also given by the equation

. r=—(R-a) + VR2 - (b - 2)2 (3)

Let the unit vector n be normal to the nose contour at a point on the
curve of.intersection. The Cartesian components of n are given by the

expressions
1 .
+ ﬁ(R - a + r)cosp i
+ E(R - a + r)singcosy + E(b 2 + rsingtany)siny j
R PEOBX R cosy
- l(R - a + r)singsiny + i(b |l + raingtany)cosy k
R , R cosy

Let the unit vector t be tangent to the nose contour at the point on
the curve of intersection, and let t be coplanar with the axis of the

CONFIDENTIAL 3
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projectile. The Cartesian components of t are given by the expressions

I - 2+ rsingtany) cos i
R cosy) X v
- E(R - a + r)sin +-i(b - ? + rsin¢tanx)sin cosX j
R X R cos ? J
- i(R - a + r)cosy - E(b S raingtany) singsiny k
R R cosy

That surface area s of the ogive which extends from any plane cross
section to the tip of the ogive is given by the equation

d
s=enfr V1+ (a_:)z dz (4)

The center of gravity of this surface is located at a distance from the
circle of tangency which is given by the expression

%J‘ (b - 2)ds

and the square of the radius of gyration of the surface, referred to an
axis which .is normal to the axis of symmetry at the bourrelet, .is given by
the expression

1 1

“J{b - 2)2 + = r)ds

s 2
The indefinite integrals which are required for the evaluation of these
expressionLs are given .in Appendix A.

That volume T of the ogive which extends from any plane cross section
to the tip of the ogive is given by the equation

t=nfr2dz (5)

The center of mass of this volume is located at a distance from the circle
of tangency which is given by the expression

S (b - 2)rdz
J réd=

CONFIDENTIAL 4
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and the square of the radius of gyration of '‘the surface, referred to an axis
which is normal to the axis of symmetry at the bourrelet, .is given by the

expression 1 :
S - 2)2 t 7 r?) ridz

S r2dz

The indefinite integrals which are required for the evaluation of these
expressions are given in Appendix B.

THE MOTION OF THE BODY

The windshield and the hood apply to the body a longitudinal force Sy
along the axis of the projectile, a transverse force f, normal to the axis,
and a torque L about a transverse axis. The forces and torque are applied
to the body at the beginning of the impact when the velocity of the projec-
tile .is greatest.

The longitudinal force f, on the body changes the kinetic energy of the
body by an increment Aw which is given approximately by the equation

Aw=+ [F fdz (6)
in which z is the displacement of the body along its line of flight. The

transverse force f, on the body deflects the line of flight through an
obliquity A8, which is given by the equation

40 mfo fodz (7)

in which m; is the mass of the body and vy is the-str@king velocity. The
torque L gives the body an increment .in rate of yaw Ay, which .is given by
the equation

L] - l z.

in which C is the transverse moment of .inertia of the body. The torque

rotates the body through a small angle of yaw Ay, which .is given by the
equation

1
A = - —glzf & Ldz — [% 2Lds) (9)
OUS
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Insofar as the windshield and hood have no direct .influence on the
mode of fracture of the plate, the windshield and hood contribute, to the
plate penetration coefficient F, an increment AF, which is required to put
the body through the plate. The increment AF is given to a first order
approximation by the equation

AF 1 (my +m,) Aw 1 8F 1 8F 18F .
aliy= P - + +—-—=)A8 + - — t - =
s o 2 (tanb R 89) ¢ F 5y Ay ;o &y (10)

in which m; and m, are the masses of the windshield and hood, and the function
F is assumed to be a function of 6,%,%X. The sum

36 a9y

for a monobloc projectile may be derived from the conventional plate pene-
tration data for which 6 = y. The effect of yaw and of rate of yaw have not
been adequately determined for oblique .impact, although experimental data
might be-obtained with long-travel rocket launchers. Theoretical data in
reference (12) have therefore been interpolatedv*

‘In the limiting case of a thin plate, the equation for AF may be condensed
to the equation

SETY = =) +2 (8, +8,)

AF
TF 2 Mgy

in which U is the 1imit energy function and 8,, @, are functions of 6. In the
limiting case of a thick plate, the ratio AF/F is a function of 6 only.

* The derivatives of the function F .in the present report are identified with
the derivatives of a function k4 in reference (22) by the aid of the equations

D
e,
o<

e

Q|

>

>
o\l =
QD

P

o

and

vycos® 1 8F _ dhg
d F oy %o
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THE WINDSHIELD EFFECT

Dynamics of the windshield

When the forces and moments .in the windshield are small, the windshield
is in an elastic state, and stress .in the windshield is propogated with the
velocity of sound, which is much greater than the velocity of the projectile.
The motion of the windshield .is then given by the dynamics of rigid bodies.
‘Since the windshield is much lighter than the rest of the projectile, it
tends to remain at equilibrium under the forces applied to it as long as it
remains rigidly attached to the body of the projectile.

The threshold of elastic .instability .in the windshield would be reached
when the force on the windshield has a constant limiting value which .is a
function of the thickness of the windshield but .is .independent of the radius®
The critical stress for elastic .instability .is much greater than the yield
stress, and the windshield therefore yields before .it buckles.

The longitudinal force f; and the transverse force f, are transmitted
undiminished along the windshield at equilibrium. The cross section of the
windshield increases from tip to base. The stress therefore decreases from
tip to base and reaches the yield point at a short distance from the face
of the plate. There is a narrow plastic zone next to the plate where the
windshield flattens out on the plate. If the surface of contact between the
plate and windshield .is frictionless, the plate applies to the windshield a
force which .is normal to the surface of contact.

‘It is assumed .in the present analysis that the force on the tip of the
windshield .is constant and equal to the maximum force which would be required
to buckle the plastic zone in the windshield under dynamic loading.

It .is assumed that the force varies with obliquity in the same manner as
the force which would be required to compress a short cylindrical plastic

shell between frictionless surfaces. The force is thus assumed to be propor-
tional to the function?

cos

3
V1 + 2 n?sin®0cos?0

Rotational equilibrium .is maintained in the windshield by a bending
moment ¥ which is zero at the tip of the windshield snd is greatest at the
base. Since the length of a service type windshield is much greater than
its swell radius, the bending moment at the base of the windshield becomes
equal, at an early stage of an oblique impact, to the minimum value which
is required to produce deformation or fracture of the windshield.

CONFIDENTIAL 7
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When the windshield is no longer rigidly attached to the projectile,
the total force and torque on the windshield are no longer nearly zero,
but are equal, .instead, to the force and torque which are required to turn
the windshield aside with some point near the base of the windshield for
a pivot. The initial motion of the windshield, when under a force applied
to its tip and a pivot reaction applied to its base, is the same as it
would be if a solitary force were applied to the center of percussion .in
a direction which is perpendicular to the line joining the pivot, the cen-
ter of mass, and the center of percussion. The line of action of this
‘solitary force and the lines of action of any two component forces must
have a common point of intersection. The resolution of forces on each
part of the projectile is illustrated by Figures (1) to (4).

Just after the windshield has been demolished, a portion of the wind-
shield still lies in the path of the projectile at low obliquity and may

apply an appreciable amount of dynamic stress to the body as it is accel-
erated out of the path of the body.

A sample calculation of the windshield effect has been gompleted for
the case of a 6" Comm Mk '27-7 projectile, and the results are given in
Table I. The bending moment at the base of the windshield is less than
the bending moment of nlastic yielding until the unperforated part of the
windshield reaches the plate. The windshield and the hood are then simul-
taneously pulled loose from the body and from each other if the obliquity
is greater than 15°+ The windshield finally turns about a pivot paint
near the outer edge of its base. The function 6, which has been selected
to represent the windshield effect is tabulated in Table IV and the over-
all function which has been selected to represent the windshield effect,
with both plastic and dynamic terms included, .is summarized in Table V.

Performance on Normal Impact

During a slow compression a ductile windshield periodically buckles
inward to form a succession of concentric folds. The force on the wind-
shield fluctuates between two nearly constant limits. The force is a
maximum when the windshield is just beginning to buckle, and is a minimum
when each fold is half completed.

During a rapid compression the folds may not have time to develop.
The material of the windshield continues to be compressed .instead and
flows outward until the flow stress in the material is equal to the frac-
ture stress. The tip of the windshield .is thus gradually fractured .in a
high velocity impact, and the force on the windshield may remain steadily
at the upper limit which is required to buckle the windshield.

CONFIDENTIAL 8
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Performance on Obligue Impact

The behavior of the windshield in an oblique impact depends upon the
design of the projectile. A 3" AP Mk '29-2 projectile or a 40mm AP M81Al
projectile buckles at the base of the windshield next to the threaded ring
even at normal obliquity. A 5" Comm Mk 46-2 projectile may buckle at the
base of the windshield if the windshield and threaded ring are all in one
piece, but the threaded ring may first be pulled loose if the windshield
and threaded ring are welded. A 6" Comm Mk '27-7 projectile apparently
breaks first at the solder between the hood and the body, and the windshield
and hood may then move together as a unit for a brief interval. The force
moment at the base of the windshield quickly increases, however, until the
threaded ring is pulled loose from the hood. The hood and windshield may
then move as separate units, while the windshield probably buckles along
one edge of the base where it presses against the hood.

Static Tests

The longitudinal force which is required to c¢rush a windshield has been
measured in the universal testing machine. In the case of a 3" AP Mk '29-2
projectile, the force on a steel windshield rose rapidly to an average value
of 3000 pounds and then fluctuated periodically about the average with an
amplitude of % 1000 pounds. Each fluctuation could be correlated with the
formation of a new concentric fold .in the windshield. The average hardness
of three steel windshields was 180 VPN, which corresponds to a tensile
strength of 89000 (1b)/(in)2. The force on an aluminum windshield rose to
an average value of 8000 pounds and fluctuated with an amplitude of + 4000
pounds. The aluminum windshield fractured gradually into many pieces instead
of collapsing .into concentric folds.

In the case of a 6" Comm Mk '27-7 projectile, the force rose rapidly at
first to ‘20,000 pounds. The webs between the openings near the tip then
collapsed and the force fell to 3000 pounds, where it stayed until the per-
forated zone near the tip was all folded under. The force then rose again
to an average value of 33,000 pounds and fluctuated with an amplitude of
t 12,000 pounds. The windshield is required by specifications to stand a
compression load of 66,000 pounds at a section 5.1" in diameter. The com-
pression stress would then be 44,000 (1b)/(in)2 If this is the effective
yield stress, then the windshield should not yield under a pure bending
moment unless the bending moment is greater than 110,000 (1v) (in). An )
individual 6" Comm Mk '27-7 projectile has been placed in a jig and has been ;
subjected to a transverse load at the bourrelet. The hood broke loose from '
the body, and the threaded ring pulled loose ‘simultaneously when the bending
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moment at the base of the windshield was 105,000 (1b)(in). The bending
moment for failure .is known only for this stress distribution in a jig, and
would probably be different .if a compression load were applied simultaneously
to the tip of the windshield. The average hardness of four windshields was
146 VPN which corresponds to a tensile ‘strength of 74,000 (1b)/(in)2. The
tensile strength under dynamic loading .is unknown, but’' is probably somewhere
near the tensile strength for high tensile steel, which is estimated to be

at least 100;000~(lb)?%in)2.

Dynamic Tests

The windshields have not been recovered after .impact at high striking
energy. Evidence that the windshields may be fractured is to be found .in a
series of flash X-radiograms of windshields .in flight, two of which are
reproduced .in Figures (5) and (6). A flash X-radiogram of ‘stationary wind-
shields after static compression is .included in Figure (7) for comparison.
That the maximum force on the windshield in a dynamic impacdt may be essen-
tially the same as the maximum force .in a static compression is proved by
a comparison between flash X-radiograms in one of which the windshield had
begun to buckle at the threaded ring. The windshield has been found to
buckle at the same stage in a static compression.

The 40mm AP M8l projectile and the 40mm AP MBlAl projectile are, in
reality, miniature common projectiles. The windshield of the ‘40mm AP M8l
projectile .is ‘secured to the body by means of a hood, whereas the wind-

‘shield of the ‘4Omm AP MB1Al projectile is ‘secured to the body by means of

a crimping groove. A ballistic comparison between the projectiles has been
made at the Plate Fuze Battery. The ballistic data are consistent with an
appreciable dynamic term in the windshield effect at low obliquity. A
quantitative comparison between these projectiles and monobloc projectiles
is unfortunately obscured by an absence of records of the plate numbers
which were tested. From existing records it may be inferred that the aver-
age tensile ‘strength of the plates was 120,000 (1b)/(in)32.

The ballistic data for miscellaneous common projectiles are listed .in
Table XI with the values of the windshield effect or the hood and wind-

‘shield sffects which are derived from Tables V and VI. The windshield

effect for each projectile is assumed to be proportional to the percent
mass of the windshield.

A ballistic investigation of the windshield effect has been made at the
Armor and Projectile Laboratory with 3" AP Mk '29-2 projectiles against 0.:25"
plate at O° obliquity. The ballistic data are summarized in Tables IX and X.
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The limit energy required for penetration by a projectile with a windshield
was much greater than the energy required by a projectile without a wind-
shield. The difference .in energy was 15000 t+ 1000 (£t) (1b) for the actual
ballistic test, whereas the energy required to collapse the windshield was
found to be only 1200 (£t) (1b) for static loading. The recovered wind-
shields had the 'same appearance for both ballistic and static compression,
but the impact holes appeared to be changed by the presence of a windshield.
The petals remained intac* during near limit .impacts, but the number of
petals in each 'star crack was usually less for a projectile with a wind-
shield than the number of petals for a projectile without a windshield.

The energy required for penetration by a round nosed AP projectile without
a windshield was also greater than the energy required by a pointed mono-
bloec projectile, and the number of petals tended to be less for the round
nosed projectile than for the pointed projectile. A collapsed windshield
may possibly cushion the impact, or may 'so ‘spread out the pressure on the
plate that the type of fracture is changed. The large windshield effect
tended to vanish as the ‘striking energy was increased above .the 1limit energy.

The absorption of energy during these tests increased slowly with increase
in the striking energy when the striking energy was far above limit, but the
armor .in the path of the projectile takes up more and more kinetic energy which

= escapes with the petals if the petals break off, or enlarges the impact hole
if the petals remain intact. Analogous results have been obtained at the Naval
Research Laboratory with Cal. .50 and 37mm scale model projectiles .in mild
‘steel.

A ballistic investigation of the windshield effect has been made at the
‘ Plate Fuze Battery with 6" AP Mk 35-5 projectiles against 3" Class B plate at
40° obliquity. The ballistic data are summarized in Table XII.

THE_HOOD EFFECT

The Dynamics of the Hood

The hood remains essentially undeformed if the plate .is too thin to apply
more pressure than the yield stress of the hood. The order of magnitude of
the critical thickness of plate for destruction of the hood is given by the
expression*

1, X/
65) Xg d

* The coefficient in this expression is valid for the 6" Comm Mk '27-7 projectile.
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in which X! is the effective yield stress of the hood and X; is the effective
yield stress of the plate.

The hood is too soft to penetrate a thick plate, but does apply enough
pressure to the face of the plate to interfere with the elevation of a coronet.

The cross section of the hood increases from tip to base. The stress in
the hood therefore decreases from tip to base and reaches the yield point at
a short distance from the face of the plate. The plastic deformation of the
hood is limited to a narrow zone next to the plate. Stress in the elastic zone
is propagated with the velocity of sound which is much greater than the velocity
of the projectile. The elastic zone is therefore essentially in equilibrium
under the stresses which are applied to it by the plate and by the body.

There are two types of stress in the plastic zone, a plastic stress which
deforms the material of the hood and a dynamic strees which .accelerates the
material of the hood out of the path of the projectile.

The hood is knocked loose from the body soon after the first instant of
impact. The plastic stress in the crown at the edge of the plastic zone is
therefore parallel to the surface of the crown, and is approximately coplanar
with the vectors n and k.

In the limiting case of a low velocity impact, the distribution of stress
in the crown is analogous to the distribuiion of stress around an expanding
hole in a thin plate'’. The variable thickness &' of the crown has a maximum
value'® of (2.6 h, and the plastic stress is approximately equal to the dynemio
tenaile strength in the region of maximum thickness.

The force and torque at the edge of the plastic zone are transmitted by the
elastic zone to the body of the projectile. The plastic stress X/ in the crown
therefore contributes a force on the body which is given by the expression

- (-2,5);,,(1' f;/(z_;)2 + (gi)a k - k°'nn.

de
/1 - (k'nsa

and contributes a torque on the body which is given by the expression

2 ' . r')x 2 r')y u
- (2.6)hx; §V (55) + (ﬁ)’ s do
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The function u .in the expression for torque is defined by the equation

s
cosy

u= (b~

+ rsinwtanx)sinm

)siny + r s ELE(R - a)(b -
cosy R cosy

and the torque .is referred to an axis through the edge of the bourrelet.
To the torque about this axis at the bourrelet must be added the torque
between the bourrelet and the center of mass.

In the limiting case of a high velocity impact, the material of the
crown flows away from the point of impact. That material of the crown
which lies in a sector of width do flows locally like a flat jet of width
rdp and thickness k#. The point of impact of the jet rioves over the surface
of the plate. The vector velocity v of the jet .is reduced to the vector

when the coordinates of the jet are referred to the moving point of impact.
The rate of flow of mass in such a stationary jet is therefore given by the
expression

k'v
- — phrd
t parae
Ain which p .is the density of the material .in the hood. The nose of the
projectile applies a dynamic pressure which is collinear with n, and the
plate applies a dynamic pressure which is collinear with -k. The change
in the velocity of the stationary jet .is collinear with the vector n-k,

and the final velocity .in the jet .is orthogonal to k. The change in velo-
city is therefore equal to the vector

k'v
Gy e

The dynamic 'stress in the hood contributes a force on the body which is
given by the expression

2 r
- d
t oh(kev)® $my nd g
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and contributes a torque on the body which is given by the expression

1 a
+ ph(k-v)?(R-a) fm r a—-; sinpd o

The torque is referred to an axis through the edge of the bourrelet. To
this torque must be added the torque between the bourrelet and the center
of mass. These integrals do not converge when n .is collinear with k, and
are not, therefore, valid at the tip of a round-nose projectile at any
obliquity, or at the tip of a pointed projectile at high obliquity. The
force and torque in such projectiles are limited by yielding of the plate.

The curvature of the nose contour gives the leading portion of the crown
a greater radial velocity than the succeeding portions. The variation in
radial velocity with distance from the nose of the projectile sets up a
radial tension which tends to cancel the dynamic stress. The effect of
dynamic stress on the motion of the projectile .is probably not .important
unless there is more than enough kinetic energy in the crown to bring the
material of the crown to the point of fracture.

When the skirt reaches the plate at low obliquity, .it usually breaks
into three or more pieces which are not further deformed. If cleavage of
the skirt did not occur, the hood effect would be .increased by a factor of
the order of four. The pieces of the skirt apply a force on the body as
long as they remain in contact with the body. The skirt probably therefore
interferes with the penetration only in the case of a high velocity .impact.

When the skirt reaches the plate at high obliquity it .is trapped between
the plate and the body and may be severely deformed .if the plate is thick.
The magnitude of the hood effect, which is associated with this plastic work,
has been inferred from the ballistic data. Corrections for differences .in
the ogive effect were included .in the analysis. The ogive effect was assumed
to have its full value in the range 0° < @ < 45° was assumed to be two tL:6vds
as large at 6 = 50°, was assumed to be one third as large at 6 = 55° and was
assumed to be zero in the range 60° < 6 < 75°,

A 'sample calculation of the plastic hood effect has been completed for
the 6" Comm Mk '27-7 projectile, and the results are given .in Table II. The
critical thickness of plate for extensive plastic deformation of the hood
is estimated to be 1" at low obliguity, but the critical thickness is probably
smaller at high obliquity as the result of dynamic stress in the armor. The
dynamic stress in the hood is relatively unimportant unless the velocity of
impact is greater than 750 (ft)/(sec). The limit which is approached by the
dynamic hood effect at hypervelocity has been estimated for the case of the
6" Comm Mk '27-7 projectile, and the results are given in Teble III. The crown
and the skirt are both included in the estimate. The function 6, which has
been selected to rerresent the hood effect is tabulated in Table IV, and the
overall function which has been selected to represent the hood effect, with
both plastic and dynamic terms included, is summarized in Table VI.
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Dynamic Tests

The plate penetration coefficients for jacketed small caliber projectiles
Aincrease with obliquity from O° to 30°, whereas the plate penetration coef-
ficients for monobloc projectiles decrease in this range of obliquity. The

jacket effect seems to increase more rapidly with obliquity than the hood
effsct.

A 6" Comm Mk '27-7 projectile has been fired against STS plate No. 98503,
The plate thickness was 1.91", the obliquity was O0°, and the striking velocity
was 957 (ft)/(sec). The point of impact was surrounded by a concentric arrange-
ment of a culvert pipe and an armor tube. The annular space between the culvert
pipe and the armor tube was filled with sawdust. The fragments of the windshield
and the hood were thus recovered without any evidence of secondary damage.

The windshield and the crown of the hood were splintered into many pieces,
but the skirt of the hood was recovered in three equal pieces. The fractures
in the hood belong to three distinct systems.

(1) The crown of the hood was fractured at the tip by circumferential
tension. The fractures were propagated on that plane of maximum shear
stress which contains the radial axis. Analogous fractures have been
observed in cylindrical projectiles after impactii.

(2) The crown of the hood was fractured at the free surface by radial
tension. The fracture stress was set up by the radial flow of the crown
away from the skirt. The fractures were propagated on that plane of maximum
‘shear stress which contains the circumferential axis. Many of the fractures
were propagated only part way through the crown, possibly as the result of {
a variation of ductility after flow under a variable hydrodynamic pressure.
The incomplete fractures were opened up by flow after fracture, and the
fragments of the crown have a stepped appearance. That the steps are not
the result of a localization of shear strain between blocks of material is
indicated by metallographic examination which shows no indication of local
‘shear at the fracture surfaces.

(3) The skirt of the hood was fractured into three sectors by circum-
ferential tension. The three fractures were initiated by three minute
punched indentations on the shoulder of the hood, where the hood and wind-
shield are locked together. Recognizable striae in the fracture surfaces
radiate from the points of initiation. A fourth fracture was also observed
which was not initiated by any obvious imperfection. The fractures were
propagated in the skirt by brittle cleavage. Three of the cleavage frac- |
tures shifted to shear fractures when they ran into the severely worked i
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region of the crown. The propagation then followed that plane of maximum
shear stress which contains the radial axis. That the fourth fracture
failed to reach the crown is indicated by metallographic examination.
Measurements of the fragments and coupon tests show that the reduction of
area at the brittle fractures was not more than '2%, whereas the same
material would undergo a reduction of area of more than 65% in a standard
tensile test. The full reduction of area occurred after the fractures

switched from cleavage to shear. Anagalogous brittle fractures have been
observed in strips of mild steel?l:?2,

The static tensile strength of the hood was 51000 (1b)/(in)2% The dynamic
tensile strength was probably 80000 (1b)/(in)2. The crown was increased. in
thickness from .2" to more than .45" by plastic flow.

The hood of a 5" Comm Mk 46-2 projectile has been recovered intact after
impact against STS plate No. 55276B. The plate thickness was .250", the obli-
quity was 70°, and the striking velocity was 654 (£t)/(sec). !

The ballistic data for miscellaneous common projectiles are listed in
Teble XI, with the values of the windshield effect or the hood and windshield
effects which are derived from Tables V and VI. The hood effect for each
projectile is assumed to be proportional to the percent mass of the hood.

THE CAP EFFECT

The Dynamics of the Cap
The cap remains intact and attached to the body if the plate thickness
is less than a lower critical thickness. The dynamics of the cap and body

are then the same as the dynamics of a monobloc projectile with the same
external contour.

The cap is knocked loose from the body but is deformed only near the skirt
if the plate thickness is in an intermediate range of thickness. At low obli-
quity the cap is carried along by the body as though it were still attached to
the body. At high obliquity the cap is pushed aside and the cap and body
behave like a monobloc projectile with an offset nose. The effect is especially

severe in the case of a 6" AP Mk 35-5 projectile which has an especially round
nose, a long cap, and a large cap angle.

The cap shatters if the plate thickness is more than an upper critical

thickness. The fragments of the cap are pushed aside by the body as it enters
the plate. At low obliquity, the fragments deprive the body of a fraction of
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its kinetic energy if the hardness of the cap exceeds the hardness of the
plate. The effect is illustrated by the foliowing table, which gives the
percent increase in F(e/d,0) per unit increase in the percent mass of the
cap at 0° obliquity.

m . ,AF
Projectile Cap hardness Notch depth (;_)CjF)
8
8" AP Mk 11-1 230 VPN small .50
3" AP M62 540 VPN large .75
3" AP Type A 600 VPN none . 60
37mm AP M51B2 800 VPN large .75

Absorption data which have been obtained by the Armor and Projectile Labora-
tory contain evidence that the fraction of the 'striking energy which is lost '
by tHe body because of the cap is nearly independent of striking energy.

The fragments of the shattered cap and the windshield seem to cushion the
impact at low obliquity. The optimum hardness of the plate is greater for a
capped projectile than the optimum hardness for an uncapped projectile.

At high obliquity, the fragments aid in the penetration of the plate if
the hardness of the cap exceeds the hardness of the plate. The cap effect is
influenced by the depth of the circumferential notch which holds the windshield.
Caps which are unnotched or are lightly notched have less effect than caps
which are deeply notched.

The sharp shoulder of the cap may scrape the plate severely at high !
obliquity. If the plate thickness is less than a critical thickness, the cap
opens a longitudinal slit in the plate and the limit velocity for a capped
AP projectile is consistent with the limit velocity of a pointed monobloc
projectile, but if the plate thickness .is more than the critical thickness,
the cap opens transverse cracks and the limit velocity is low. The appearance
of the .impacts is illustrated by Figures (10) and (11). At the critical plate
thickness, the projectile has a component of velocity parallel to the plate
which is nearly equal to the velocity of propagation of a plastic undulation.

The cap can bite the plate only if the projectile can overtake the undulation.

The functions which have been selected to represent the zap effect are
summarized in Tables VII and VIII.
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Ballistic Tests

Decapping action by the plate has been recorded in a few flash X-radio-
graphs, and by a systematic study of recovered fragments at the Armor and
Projectile Laboratory. The data are summarized in Table XV. Decapping action
has been detected at the Plate Battery with yaw cards and movie cameras set
up behind the plate. Caps have occasionally been recovered in the butts at
the Plate Battery or stuck in the plate. The data are summarized in Table
XVI. The occurrence of shatter in the cap can be detected by the presence of
characteristic dents and scrapes in the impact hole. The appearance of the
impact holes is illustrated by Figures (8) ana (9).

Comparative 1limit determinations which have been made at the Princeton
Station with 20mm capped and uncapped projectiles are consistent with data
which have been obtained at the Armor and Projectile Laboratory with 3" AP
projectiles and at the Plate Battery with 8" AP projectiles. The ballistic
data are summarized in Tables XIII and XIV. The cushioning effect of the cap
and windshield is illustrated by the data for the 8" AP Mk 19-5 projectile
against 5.'2" Class B plate No. 9473. The limit velocity at 0° obliquity for
the capped 8" AP Mk 19-5 projectile was consistent with other limit velocities
for capped 8" AP Mk 19-6 projectiles in a range of plate thickness from 3.6"
to 10.6", yet the limit velocity for an uncapped 8" AP Mk 19-5 projectile was
2% low with respect to the limit velocity for a ductile plate.
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APPENDIX A

-

Indefinite integrals which enter into the analysis of an ogival surface.

Surface

rdr
—————
R - (R-a+r)?

s = 2nRf = = ~ 2nR{ (b-z) + (R-a) cos™? l_li’(b-z)}

Center of mass
S (b-2)ds = ~2nRS rdr = nRr?

Radius of gyration
1 ]
J{(b-2)% + I-érz}ds = - -gnR(b—-z)s

- %nkbzrz 4+ (R-a)r + 21R% - 34aR + 17a%)} (b-2)

1l =4 b
= 'E'K-R(R—a) (7R2~4-GR'+’202) coSs : E(b-Z)
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APPENDIX B

Indefinite integrals which enter into the analysis of an ogival volume.

Volume

t=nfrPdz = -:1311(12—2.')s + n{(R-a)r - R?}(b-2) - nR*(R-a) cos™? Tl?(b_Z)

Center of mass

xS (b-2)r2dz = n{%(R—a) o 4 %,4 |

Radius of gyration

1 3
nf {(b-2)2 + 3 r2}rdz = + -;a--an(b-z)5
1
+ TER{S(R—a)r + 3R? — 10aR + 5a%)(b-2)°
1
+ grl (R-a) (7R?-8aR+4a®) r - 9R* +10R%a + 3R%a® - 8Ra " +124*) (b-2)

1 k] dl
- gnRz(R—a)(QRz-saR+4a2) cos™? ﬁ(b"z)
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TABLE I

Theoretical values for the windshield effects of the 6" Comm Mk '27-7
projectile, calculated with the mass and radius of gyration of the body.

] (10’°)v§( &u ) (107%)v%A0 (107%) w50y (1o'°)v§(géX)
invz s
2

(£t)%/ (sec)? (£t)2/(sec)® (£t)*/(sec)? (£t)?/ (sec)?

o (-.027) (. 000) (. 000) (. 000)

15 (-.021) (+.003) (+.006) (+.009)
-.019 +. 004 +.015 +.022
30 -.014 +. 0035 +.011 +.016
45 -.009 +.003 +.008 +,012
60 -.006 +.002 +,006 +.009
75 -.003 +.001 +.003 +, 005
90 . 000 . 000 .000 .000

Numbers in parentheses refer to a projectile with the windshield rigidly
attached to the body.
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TABLE ]I,

Theoretical values for the hood effects of the 6" Comm Mk 27-7 projectile
at striking velocities less than 750 (ft)/(sec)

- dAy
0 (107®)vi( s ) (107%)v 300 (107°%)v3ax (10 °)u§(_ﬁ’£
},v§ Vs

2

(£t)%/ (sec)? (£t)%/(sec)® (£t)%/(sec)? (£t)?/(sec)?

0 -.047 .000 .000 . 000

15 -.032 +.002 +.001 +. 005

30 -.019 +.003 +.001 +.007

45 -.007 +.002 +. 000 +.005
TABLE III

Theoretical values for the hood effects of the 6" Comm Mk '27-7 projectile
at hypervelocity.

Aw 1 1 d My
A A S
® 1, 8in@ o 8in@ 28 8in@ vg
—M‘US
2
S45° -.05 +.07 +.01 +.125
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TABLE IV

The function 6, in the windshield effect and the function 6, .in the hood
effect of the 6" Comm Mk '27-7 projectile at impact velocities less than

750 (£t)/(sec).

CONFIDFNTIAL

15

20

30
35
40

45

55
60
65
70

75

(107%)e,
. 114
. 137
. 137
. 135
. 130
. 124
. 116
. 105
. 089
. 065
.041
.021
.010

. 005

23

(107%)e,
.'200
. 147
. 130
. 114
. 097
. 081
. 067
. 084
. 134
. 150
. 112
. 055
.015

. 006
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TABLE V

The windshield effect of the 6" Comm Mk 27-7 projectile in Class B armor
or STS. The windshield is 5.1% of the total mass of the projectile.

L

F

0
% 0 15 20 25 30 35 40 45
.1 | .228  .278 .285 .292  .295 .299  .202  .264
.15 | .120  .143  .146  .l149  .151  .152  .149  .136
.2 | .ov& .0e1 .093 .095 .096 .097  .096  .088
.3 | .0s0 .os6 .057 .058 .059  .059  .058  .055
.4 | .042 .045 .045 .045 .046  .047  .049  .049
.5 | .042  .043  .043 .044 .045 .047  .052  .055
.6 | .045 .045 .045 .046 .048 .052  .059  .068
.7 | .00 .00 .050 .051 .053 .058  .067  .082
.8 | .0s5 .055- .055 .056 .059  .064  .074  .093
.9 | .0s9  .0os9 .089 .060 .063 .069  .080  .100
1.0 | .01 .01 .061 .062 .066 .072  .083  .105
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TABLE V (Continued)
AF
F
0
2 50 55 60 65 70 75
.03 0236 .112  .070  .053
.05 .302  .150  .078  .052  .042
.o75 | .311  .185  .102  .059  .043  .036
.10 .201  .129  .078  .049  .038  .033
.15 .110 .078  .054  .038  .032  .0%0
.20 .074  .056  .043  .033  .030  .028
.30 .048  .040  .033  .029  .027  .027
.40 .042  .035  .030  .028  .027  .026
.50 .043  .033  .029  .027  .026  .026
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TABLE VI

The hood effect of the 6" Comm Mk '27-7 projectile in Ciass B armor or STS.
The hood is 5.2% of the total mass of the projectile.

&k
F
6
% 0 15 20 25 30 35 40 45
.1 |.382  .297 .272  .251  .227  .205  .180  .217
.15 }.192 .152 .140 .13  .120  .109  .098  .1l4
.2 |.119 .07 .090 .085 .079  .073  .066  .O76
.3 |.069 .059 .056  .053  .050  .047  .045  .049
4 |.os4 .048  .046  .044  .043  .044  .047  .051
.5 |.o2  .047  .046  .046  .047  .050  .057  .065
.6 |.os5 .0s2 .0o51 .051 .04  .059  .068  .082
.7 |.o61 .oss .os8 .059  .063  .070 .08l  .098
8 l.osv .0es .os5 .oe6 .o .07  .os8  .110
.9 |.om1  .ovo .o70 .oz .o75 .02  .095  .118
1.0 |.o3  .ovs  .o73  .o74  .078  .085  .098  .123
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TABLE VI (Continued)

L

F

9
% 50 55 60 65 70 75
.03 (.614) (.270) (.089) (.059)
.05 (.663) (.376) (.172) (.064) (.046)
.075 (.455) (.394) (.240) (.1220) (.050) (.039)
.10 2291 .'264 .171 . 090 .043 .035
.15 .153 . 147 .103 . 061 .035 .031
.20 .098 . 097 .073 .047 .032 .029
.30 . 060 . 059 .047 .036 .023 .027
.40 .051 . 046 .038 .030 .027 .027
. 50 .059 . 047 .037 .029 .026 .026

The numbers in parentheses refer to plate thicknesses for which the hood

is usually undeformed.

CONFIDENTIAL

27




CONFIDENTIAL NPG REPORT NO. 1211

TABLE VII

The cap effect of the 3" AP M62 projectile in Class B armor or STS. The
cap is 13.9% of the total mass of the projectile, the cap is deeply notched
to hold a windshield, and the hardness is 50R,. Projectiles are decapped

at e/d 2 .16. Decapped projectiles with caps intact show no indication of
a cap effect.

Projectiles with shattered caps

0
0 15 20 25 30. 35 40 45 50 55 2 60
min
% .53 .48 .46 .45 .43 .41 .40 .38 .37 .35 S.34
é-: .104 .115 .25 .137 .1s1 .165 .173 .153 .097 .035 . 000
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TABLE VIII

The cap effect of the 6" AP Mk 35-5 projectile in Class B armor or STS.
The cap .is '20% of the total mass of the projectile, the cap is slightly

notched to hold a windshield, and the aver

age hardness is 53R,. Projec-
tiles are decapped at e/d = .08.
Decapped projectiles with caps intact
e
<40 40 50 55 60 65 70 275
max
e >
3 Z.50 .48 .46 .44 .43 .42 .42 .42
AF
- .000 .015 . 055 . 082 .070 .032 . 005 . 000
Projectiles with shattered caps
0
0 15 20 25 30 35 40 45 50
min
e <
5 .66 . 60 .58 .56 . 54 .52 .50 .48 =. 46
AF A
- . 120 . 131 . 141 . 153 . 167 . 177 . 146 . 055 . 000
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* Incomplete penetrations only
** High velocity impact
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TABLE XV
Armor and Projectile Laboratory data on the decapping of AP Projectiles by
STS Plates
e
Projectile 0 d Cap Condition Record
37mm AP M51B2 30° .50 shattered X-ray
L " .26 decapped X-ray
”" " R 17 ” "
" 60° .51 shattered X~-ray
" 75° «176 decapped X-ray
3™ AP Mé2 0° .510 decapped fragments
GJ " . 334 decapped "
U " . 162 intact '
" 20° . 495 shattered scars
Lk " . 334 decapped fragments
" " . 163 intact b4
u 30° +497 shattered .
B " . 333 decapped "
" i . 237 decapped )
1 " . 163 intact ",
L 40° . 500 shattered $t
W L . 337 decapped L
” " « 163 intact U
" 50° .498 shattered A
" " « 335 decapped W
" " . 163 decapped* "
& 60° . 496 shattered scars
o m . 336 shattered fragments
" " . 163 decapped "
3" AP Mk 29-2 o° . 165 decapped* o
g 3 .125 intact** o
U " . 086 intact W
g 30° . 206 decapped** "
i " . 165 intact i
" 0 . 165 decapped** "
" " . 126 intact** "
i 45° . 165 decapped* "
u " <124 decapped** "
L 60° .164 decapped o
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Plate Battery Data on the

TABLE XVI

Decapping of Projectiles by STS Plates

e
Projectile 0 d Cap Condition Record
6" AP Mk 35-5 30° . 527 decapped stuck in plate
standard cap W . 428 broken yaw card
" " . 373 broken GJ
" W . 328 decapped L
by " « 243 decapped £y
. B . 203 decapped "
hd & . 160 decapped w
e i/ . 125 decapped (1l
s W . 120 decapped (i
. e . 083 decapped it
L 1 . 080 intact i
" " . 062 intact "
W 40° . 492 decapped stuck in plate
L 45° . 082 decapped yaw card
e W . 080 intact G
" " .062 intact o
" 60° . 080 decapped ”
" U . 062 intact L
sest screw cap 30° .178 decapped it
" L . 125 intact it
a" AP Mk 21-1 30° . 156 broken* motion picture
i a . 124 decapped U4
l " . 094 decapped L
8" AP Mk 19-1 40° <305 decapped fragments
8" AP Mk 19-4' 40° . 300 decapped stuck in plate
8" AP Mk :20-4 50° .469 shattered fragments
8™ AP Mk 19-Expr. 50° .380 decapped fragments
8" AP Type H 50° 368 decapped fragments

* Cap broke up after penetration of plate
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LIST QF QoL

a ‘swell radius 6f an ogive at the circle of tangency.

b di§tance from the circle of tangency to the tip of an
ogive.

c transverse moment of .inertia of the body.

d diameter of the projectile.

e thickness of the plate.

Iy longitudinal component of force on the body.

fa transverse component of force on the body.

F(e/d, 0) plate penetration coefficient.

Fgq impact parameter.

Fp residual velocity function.

h thickness of the crown béfore deformation,

h! thickness of the crown after deformation.

hy dimensionless parameter which is proportional to the
plate penetration coefficient.

i,j,k orthogonal unit vectors with k perpendicular to the
plate and with i perpendicular to the plane of incidence.

L torque on the body.

m whole mass of the projectile.

mg mass of the body.

m, mass of the windshield.

m, mass of the hood.

mgy mass of the cap.

N bending moment.
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unit vector normal to the ogive.

penetration of the tip of an ogive into a plane of

.intersection.

cylindrical polar coordinates of a point on the nose

contour,.

arc radius of an ogive.

density.

surface area of an ogive.

unit vector tangent to the ogive.

angle of obliquity between the velocity of the
the normal of the plate.

angle of rotation of the velocity of the body.
parameter of the windshield effect.

parameter of the hood effect.

parameter of the torque on the body.

limit energy function.

particle velocity.

limit velocity.

striking velocity.

increment of kinetic energy of the body.

body and

cartesian coordinates of the contour of a plane cross

section through an ogive.
yield stress of the plate.

yield stress of the hood.

angle of orientation between the axis of the projectile

and the normal of the plate.
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Xo initial angle of orientation.

Ax angle of rotation of the axis of the body.

Ay angular velocity of the axis of the body.

X5 dimensionless parameter which is proportional to the

CONFIDENTIAL

initial rate of yaw.
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Flash x-radiogram 'of Butt Impact No. 4793 (APL).
tion of a stesl windshield. : '
S 5 . .\ PFigure 5
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Flaah x-radiogram of Butt Impact No. 4798 (AFL). Dynamic deforma-
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